Introduction
Spectroscopic ellipsometry (SE) is an optical technique that measures changes in the reflectance and phase differences between the parallel (Rp) and perpendicular (Rs) components of a polarized light beam upon reflection from a surface. As a non-contact and non-destructive optical method, SE is widely used to determine the thickness and optical constants (refractive index n and extinction coefficient k) of films or layered structures, as well as other properties related to optical constants. Spectroscopic ellipsometry was firstly applied to analyze the optical properties of implanted silicon wafer back in 1979. From then on the SE technique has been widely used in characterization of mono-, micro-, and poly-crystalline, and amorphous silicon wafers, and in implantation and annealing process monitoring. Up to now, most researches were focused on the visible spectral range as implantation induced lattice damage altered the optical properties of implanted silicon wafers in the visible range. However, when the implanted silicon wafers were thermally annealed, their optical properties in the visible range were restored to that of monocrystalline silicon. Visible SE can no longer distinguish between silicon wafers implanted with different dose or energy. On the other hand, Infrared spectroscopic ellipsometry (IRSE) could be a sensitive characterization technique for implanted silicon wafers, as in the infrared spectral range, the optical properties of the implanted silicon wafers are functions of the activated impurity concentration, which is a function of the implantation dose or energy. In this chapter, the principle of ellipsometry is introduced briefly in section 2. The application of visible spectroscopic ellipsometry to characterize silicon wafers is reviewed in section 3. In section 4, IRSE spectra of implanted silicon wafers with and without thermal annealing are analyzed comparatively. An equivalent optical model is established to fit the IRSE spectra for implanted and annealed silicon wafers. Finally, a summary is presented in section 5.
Fig. 1. Reflection and transmission of a transparent plate
When linearly polarized light of a known orientation is reflected or transmitted at oblique incidence from an interface, the reflected or transmitted light becomes elliptically polarized. The orientation and shape of the ellipse depend on the direction of the polarization of the incident light, the angle of incidence, and the optical properties of the interface. Based on the electric field components polarized parallelly (p) or perpendicularly (s) to the plane of incidence, the polarized light can be classified as p-and s-polarized light. Taking a transparent plate for example, the incident light was divided into reflected light and refracted light at the surface of a sample when a monochromatic beam with wavelength λ was incident as show in Fig. 1 . Every encounter with the interface of the beam would have a decomposition, therefore, the total reflected light is the summation of the multiple reflection and refraction of light 0, 1, 2, ... , n. Here, assume d is the plate thickness and N=n+ik is the complex refractive index of the plate, with n the refractive index and k the extinction coefficient. The complex refractive indexes of the medium on both sides of the plate are N 1 and N 2 , respectively. The optical path difference l 0 between the reflected beam 0 and the reflected beam 1 is: 2s i n 2t a n s i n cos 
which shows the relationship between the variation of polarization state ,  and the thickness d, the complex refractive index N. Here both  and  are called ellipsometric parameters, each of which has an angular value. Since N 1 , N 2 , λ and  are known parameters, and  and  can be measured experimentally, N and d can be determined by a least-square fitting calculation. This is the foundation of calculating the sample's thickness and complex refractive index by the ellipsometric data. The changes of the polarization direction of the reflected or transmitted light can be measured with a spectroscopic ellipsometer, by which the relative amplitude and phase change introduced by the interface can be calculated. The schematic diagram of a general spectroscopic ellipsometric arrangement is shown in Fig. 2 . A collimated monochromatic or quasi-monochromatic beam from a light source passes through a variable angle polarizes to produce light of known controlled polarization. The light interacts with the sample under study and its polarization is modified. The modified state of polarization at the output of the system is analyzed by a variable polarization analyzer and can be measured by a photo-detector. Then, an equal optical model that can accurately represent the true physical structure of the sample under study should be developed to interpret the measured data. Finally, the optical and structural parameters of the sample can be obtained by solving an inverse problem. As spectroscopic ellipsometry is a powerful and versatile non-contact and non-destructive technique for the investigation of the optical properties and structural parameters of thin films or layered structures, it has found wide applications in many different fields, from semiconductor physics to microelectronics and biology, from basic research to industrial applications, etc.. In the following sections, some typical applications of spectroscopic ellipsometry on the measurements of semiconductor silicon are presented.
Visible and near infrared ellipsometry
Spectroscopic ellipsometry is sensitive to the optical properties of the film deposited on a substrate. Therefore the physical or chemical properties which link to the optical properties of the sample can be characterized by spectroscopic ellipsometry. In integrated circuits (IC) manufacturing, silicon wafers were doped by ion implantation to improve their electrical properties. Implantation induced damage altered the optical properties of the silicon wafers in the visible spectral range. Therefore, most spectroscopic ellipsometry measurements on implanted silicon wafers were carried out in the visible spectral range. In the past few decades, spectroscopic ellipsometry was applied to characterize the damage depth profiles, the surface and interface, and the structural changes of the silicon wafers.
As the SE measured damage is introduced by ion implantation, implantation parameters, such as the implantation dose and energy, can therefore be obtained indirectly. In visible spectral range, spectroscopic ellipsometry has been widely used for in-situ monitoring of ion implantation dose. As early as the 1980s, spectroscopic ellipsometry was applied to investigate the As + and P + ion implanted silicon wafers at wavelengths in the range of 325-400 nm. Results have shown that the ellipsometric spectra in this spectral range were very sensitive to the lattice damages introduced by ion implantation. Both implantation dose and energy could be determined by visible SE. In several research papers the monitoring of implantation energy by visible spectroscopic ellipsometry were reported. Spectroscopic ellipsometry could also be used in thin film deposition processes, such as the growth of microcrystalline silicon. The measurements were carried out in the 2.5-5eV (248-496nm) spectral range. In our work, five groups (G1 to G5) of silicon wafers with properties shown in Table 1 were prepared under different process conditions. All substrates were prepared from the same batch of <111> oriented p-type Czochralski crystalline silicon wafers, (52520m, 8-13cm), with the front surface chemically-mechanically polished. These samples were implanted with As+ ions. G1 and G2 were implanted with implantation doses from 110 11 to 110 16 /cm 2 at the same implantation energy of 100keV. G3 and G4 were implanted with implantation energies from 20 to 140keV at implantation dose of 110 15 /cm 2 . All wafers of G5 were implanted with 110 15 /cm 2 at 100keV. After implantation, G1 and G3 were then annealed in a rapid thermal annealing (RTA) system for 30s at 1100℃ in an inert nitrogen atmosphere, and G2 and G4 were not annealed. Wafers in G5 were annealed at various temperatures ranging from 500 to 1100℃ for 30s. The SE measurements were performed with a generalized ellipsometer at room temperature. The spectral range from 270 to 2000 nm was covered using a rotating-analyzer ellipsometer with automated compensator function (VASE®, J. A. Woollam). All measurements were carried out at an angle of incidence of 75°.
The ellipsometric spectra of ion implanted wafers with different implantation doses without annealing were plot in Fig. 3 . The optical properties in the visible spectral range were altered by ion implantation for wafers with implantation dose higher than 10 14 cm -2 . However, when these highly implanted wafers were annealed at high temperature, the visible ellipsometry (300-800nm) could no longer distinguish the wafers with different implantation doses, even for wafers implanted with a high dose. The visible ellipsometric spectra of ion implanted wafers were close to that of monocrystalline silicon, as presented in Fig. 4 . Fig. 3 . Ellipsometric spectra of wafers G1 in visible and near infrared range at 75°. the layer thickness was determined by implantation energy. Similar to that in Fig. 4 , the visible ellipsometric spectra for annealed wafers with different implantation energies were close to that of non-implanted monocrystalline silicon, as shown in Fig. 6 . Ellipsometric spectra for wafers annealed at different temperature were plot in Fig. 7 . Spectra of wafers Fig. 6 . Ellipsometric spectra of wafers G4 in visible and near infrared range at 75°.
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Crystalline Silicon -Properties and Uses 112 prepared with the same implantation conditions but without thermal annealing were shown for comparison. When the implanted wafers were thermally annealed, the temperature of 600℃ was considered to be a threshold, above this annealing temperature the damaged material was reconstructed and returned to its original crystal structure. Thus the annealing temperature of 1100℃ in our process made the implantation induced structural damage almost totally recrystallized. Fig. 7 . Ellipsometric spectra of wafers G5 in visible and near infrared range at 75°. For comparison, the spectra of a non-annealed reference wafer were shown by the solid lines.
Infrared spectroscopic ellipsometry
The results reported in section 3 indicated that the visible SE is not a sensitive method to investigate the ion implantation induced effects of ion-implanted silicon wafers which were completely annealed. In practice, however, during the ICs processing, ion implantation is the predominant doping method to alter the electrical properties. It is always followed by thermal annealing to recrystallize the damaged material and active the impurities. Evaluating the distribution of the implanted ions and the activated impurities after ion implantation and thermal annealing is essential for the semiconductor device design, simulation and fabrication. From section 3 it is noticed that the effects of implantation dose and energy on the SE parameters begin to be evident from the near infrared range, as shown in Fig. 4 . It is of interest to extend the SE measurement into the infrared spectral range. The infrared spectroscopic ellipsometry measurements were carried out in the 300-5000cm -1 (2-30m) spectral range by a rotating-polarizer, rotating-compensator, Fourier-transform based variable angle spectroscopic ellipsometer (IR-VASE ® , J. A. Woollam Co.) at room temperature. The angle of incidence was set to 75° to keep in consistence with the SE measurements performed in the visible spectral range. The same wafers used in Section 3 were comparatively studied in the infrared spectral range, with the ellipsometric spectra of wafers G1-G5 were presented in Fig. 8 to Fig. 12 . Fig. 8 . Ellipsometric spectra of wafers G1 in the infrared range at 75°. Fig. 9 . Ellipsometric spectra of wafers G2 in the infrared range at 75°.
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Crystalline Silicon -Properties and Uses 114 Fig. 10 . Ellipsometric spectra of wafers G3 in the infrared range at 75°. Fig. 11 . Ellipsometric spectra of wafers G4 in the infrared range at 75°.
www.intechopen.com Fig. 12 . Ellipsometric spectra of wafers G5 in the infrared range at 75°. For comparison, the spectra of a non-annealed reference wafer were shown by the solid lines.
In opposition to the results obtained in the visible spectral range, as presented in section 3, the IRSE is not a sensitive method for implanted wafers without thermal annealing. The value of ellipsometric parameter  ranged only 2-4°, as shown in Fig. 8, Fig. 10 , and Fig. 12 . The results indicated that ion implantation alone introduced no significant change to the optical properties of damaged crystal structure in the infrared range. However, once the implanted wafers were thermally annealed at high temperature, the IRSE could effectively distinguish the wafers with different implantation doses, especially for wafers implanted with a high dose, as presented in Fig. 9 . On the other hand, the IRSE could not clearly distinguish the wafers implanted with different energies, as shown in Fig. 11 . In the following, the infrared ellipsometric spectra for implanted and annealed wafers were analyzed in details. In the infrared range, different absorption processes exist in a silicon wafer, such as free carrier absorption, impurity absorption and Reststrahlen absorption, as shown in Fig. 13 . At room temperature for silicon, the impurity absorption is too weak to be observed. The influence of the Reststrahlen absorption process on the optical properties of implanted silicon wafer is at least two orders of magnitude lower than the influence of the free carrier absorption, thus is negligible. Therefore, the free carrier absorption dominates the optical properties of the implanted layer in the infrared range, which can be described by a classical Drude model: 
where  is the complex dielectric constant,  0 is the vacuum dielectric constant, N is the carrier concentration, e is the electronic charge, m * is the ratio of the optical carrier effective mass to the electron rest mass, E is the energy of the incident photons,  is the resistivity, and  is the mean scattering time of the free carriers. The parameters  and  can be implicitly expressed as a function of the dielectric function  and the thickness of the wafer under study.
In order to simulate the optical properties of the ion implanted silicon wafer, the atoms distribution was calculated. The calculation was performed with the Monte Carlo simulation by software package TRIM. Figure 14 shows the simulation results as well as the corresponding Gaussian fit for an As + implanted silicon wafer.
Fig. 14. Calculated As + ion distribution and corresponding Gaussian fitted result.
The As + ion distribution can be expressed with a Gaussian function:
where N max is the maximum carrier concentration, d is the depth, R p is the range, and R p is the standard deviation of the Gaussian function. The Gaussian fitted curve is plot in Fig. 14 .
The fitted values are given in Table 2 . Table 2 . As + ion distribution parameters fitted with a Gaussian function.
Fitted parameter
For the evaluation of IRSE data of these implanted wafers, the optical model with an ionimplanted layer described by 30 sub-layers, and a single-crystalline silicon substrate layer is employed to describe the structure of the implanted wafer. Although both the m * and  are functions of the doping concentration, it is reasonable to consider them as fixed values in the ion-implanted layer in each fitting. The optical properties of the ion implanted layer can be expressed by the Drude model, while the optical properties of the substrate silicon in the infrared range can be taken from literature (Palik, 1998) . Then, the ion distribution parameters and the physical properties of the implanted layer can be fitted. In the multi-parameter fitting program, a mean square error (MSE) was minimized. The MSE was defined as:
Here, mod and exp represent the data calculated from the theoretical model and the experimental data, respectively. n is the number of measured ψ and Δ pairs being included in the fitting and p is the number of fitting parameters. In this multi-parameter fitting, six parameters are set as free parameters to minimize the MSE, that is, N max ，R p ，R p ，m， and the implanted layer thickness l.
To reduce the number of iteration and improve the computation efficiency in the multiparameter fitting procedure, it is important to give a reasonable initial set of values for the free parameters in the fitting. Here, R p and R p values fitted in Table 2 are set as the initial values. For N max , the initial value is 2 p dose R
 
. As shown in Fig. 9 , only the annealed wafers in G2 with As + ion implantation dose higher than 110 14 cm -2 can be distinguished by infrared ellipsometric spectra, which are fitted with above model. The optimized fitted parameters for the ion-implanted layers of wafers implanted with different doses are listed in Table 3 , in which the  and  values are calculated with the fitted values. The IRSE fitted results for wafers in Table 3 are shown in Fig. 15 by the solid lines. The units of the horizontal abscissa are wave number, in accordance with the measurement conditions of the infrared ellipsometer. Good agreements between the experimental SE data and the best fits are observed in this spectral range. F r o m T a b l e 3 , i t i s o b se r v e d t h a t t h e i m p u rities were activated by the rapid thermal annealing, which resulted in the redistribution. For implanted wafers with higher doses, more impurities were activated and the impurities diffused farther. Therefore, the N max , R p and R p of the implanted layer increased with the increasing implantation dose, especially for wafers with high implantation doses. Meanwhile, the mean scattering time of the free carriers decreased due to the increasing impurity concentration. Table 3 . Best-fit model parameters of the ion-implanted layer.  and  are calculated with the fitted values. Fig. 15 . The measured and best-fitted infrared ellipsometric spectra  and  for silicon wafers As + implanted with different doses.
Conclusion
In this chapter the application of spectroscopic ellipsometry to silicon characterization and processes monitoring has been reviewed. The comparative studies on the infrared spectroscopic ellipsometry for implanted silicon wafers with and without thermal annealing have been presented. Several conclusions can be summarized as follows:  For implanted but non-annealed silicon wafers, the optical properties in the visible spectral range are determined by ion implantation induced lattice damages.  For implanted and annealed silicon wafers, the optical properties in the visible spectral range are close to that of monocrystalline silicon, as the lattice damages are recovered by thermal annealing.

In infrared spectral range, the optical properties of the implanted and annealed silicon wafers are functions of the activated impurities concentration, which is determined by the implantation dose, the implantation energy and the annealing temperature.
 The optical properties of the implanted and annealed silicon wafers in the infrared spectral range can be described with a Drude free-carrier absorption equation.
Therefore, the infrared ellipsometric spectra can be analyzed with the corresponding model to better characterize the implanted and annealed silicon wafers.
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